In order to discuss material recycling within the mantle, isotopic variability of the young basalts, which reflect the composition of the mantle, has been investigated based on a large compiled data set of Sr, Nd and Pb isotopic ratios. In addition to mid-ocean ridge basalts (MORB, 2773 data), oceanic island basalts (OIB, 1515 data) and arc basalts (AB, 1049 data) that have been used in the previous studies, the new data set includes continental basalts (CB, 1517 data) to densely cover the globe and examine the geographical distribution of the mantle heterogeneity. It is found that CB are heavily concentrated in the eastern hemisphere, while MORB, OIB and AB are broadly distributed in the eastern and western hemispheres evenly. Then the independent features hidden in the data have been extracted using the multivariate analysis "Independent Component Analysis (ICA)", which provide information concerning the overall structure of the data and its origin. As a result, three independent components (ICs), which are similar to those deduced in the previous studies on the oceanic and arc basalts, are identified and account for 99% of the sample variance. Of these, the two independent components (IC1 and IC2) span a compositional plane that concentrates most of the data (95%), and the third minor component (IC3) accounts for 4%. Therefore, the oceanic, arc and continental basalts mostly plot on the same plane. The geochemical nature and the statistical properties (mean, standard deviation and skewness) of the ICs suggest that IC1 is related to variability of a long-term 'melt component' inherited in the mantle, whereas IC2 corresponds to a long-term 'aqueous fluid component' in the mantle. Numerical models for a differentiation-recycling system explain most of the statistical features of IC1 and IC2, which have likely been produced by melting and aqueous fluid-rock interactions in ridge, plume and subduction zone. Material recycling and multiple processing in these tectonic settings allow IC1 and IC2 to overlap and create a joint distribution (i.e., the major compositional plane). On the other hand, IC3 exhibits unique features (e.g., a large positive skewness), suggesting that it represents minor and incomplete mixing of continental components from outside the mantle recycling system. In addition, IC2 shows global geographical discrimination, irrespective of the type of basalts, indicating the presence of east-west geochemical hemispheres in the mantle. We have also found a striking geometrical similarity between the IC2 hemispheres and the inner core hemispheric structure: the eastern hemisphere shows positive IC2 in the mantle and high seismic velocities in the inner core. Combining these constraints, we propose top-down hemispherical dynamics involving both the mantle and the core: focused subduction towards the supercontinents has formed a fluid component-rich hemispheric domain that seems to have been anchored to the asthenosphere during the continental dispersal in the past several hundred million years, and may affect the temperature and growth rate of the inner core, resulting in the synchronized hemispherical structures in the mantle and the core.
Introduction
Earth is distinct from the neighboring rocky planets, Venus and Mars, in several dynamical aspects. The presence of the plate tectonics, which is one of the unique features of the Earth (Schubert et al., 2001) , leads to effective cycling of the materials and energy through continuous resurfacing (i.e., creation of a hot oceanic plate at mid-ocean ridge, and its cooling and recycling, together with the surface materials such as sediments, into the mantle at subduction zones). This resurfacing is a part of mantle convection that stirs the interior of the planet, including the subducted materials themselves, which also causes active geodynamics: e.g., magmatism and earthquakes at ridges and subduction zones, as well as the geomagnetic field due to magnetohydrodynamic convection in the core cooled by the mantle that undergoes convection (e.g., Glatzmaier et al., 1999; Sakuraba and Roberts, 2009; Olson et al., 2013) . Thus understanding the material and energy cycling in the mantle is key to deciphering the whole geodynamic system. Seismic and electrical conductivity tomography as a present-day snapshot of the Earth's interior (e.g., Romanowicz, 2003; Takeuchi, 2007; Fukao et al., 2009; Kelbert et al., 2009; Ritsema et al., 2011) provides invaluable information on the mantle structure and dynamics. However, there are some difficulties in constraining the mantle convection and material cycling; the seismic tomography is sensitive to both temperature and major element composition which are not necessarily separated enough (Karato, 2011) , while the electrical conductivity is sensitive to the presence of hydrogen but its spatial resolution and coverage are limited (Kelbert et al., 2009) . It is also noted that present-day geophysical snapshots involve no direct information on the past history and require geodynamical interpretation. Numerical simulation on mantle convection and material cycling greatly helps such interpretation (e.g., Christensen and Hofmann, 1994; van Keken and Ballentine, 1998; Ferrachat and Ricard, 2001; Davies, 2002; Tackley, 2008; Walzer and Hendel, 2008; Nakagawa et al., 2009) . However, the model results, which depend on the assumptions and initial conditions involved, are not fully compared with the observations. Therefore, to resolve these difficulties, further constraints from different approaches are required.
'Chemical geodynamics', originally proposed by Allègre (1982) , is one of such approaches based on geochemistry of rocks, particularly basalts that originate from the mantle. One of the advantages of this geochemical approach, when compared to the geophysical approach, is that the trace element and isotopic compositions of the basalts chemically fingerprint the mantle, and are sensitive to the nature of the source materials (e.g., primitive, depleted, enriched mantle). In several cases, it may even be possible to infer the type of subductedrecycling materials, such as subducted sediment or recycled oceanic crust (e.g., Hofmann, 2003, for review) . In addition, radiogenic isotopic ratios of the mantle and crustal materials (e.g., those of relatively heavy elements such as Sr, Nd, Hf, W, Os, Pb) may trace the evolution, and, unlike stable isotopes (e.g., those of light elements such as H, C, O, S) which mostly fractionate by near-surface processes at low temperatures, can measure the time since the latest isotopic equilibrium at relatively high temperatures. Therefore the trace element and isotopic compositions of the basalts act as tracers that track the material differentiation and cycling in the mantle.
Studies based on a common concept of mantle geochemical endmembers (e.g., depleted MORB mantle [DMM] , enriched mantle I and II [EM1, EM2]) provide a useful description for mantle heterogeneity as a mixture of the end-members with specific (and/or extreme) isotopic ratios (e.g., White, 1985; Zindler and Hart, 1986; Hart et al., 1992; Stracke et al., 2005) , and have attempted to relate each end-member to a past event and/or a geochemically different part of the Earth (often referred to as 'reservoir'). On the other hand, statistical distributions of the isotopic ratios of basalts provide information regarding the overall data structure, being complementary to the studies on end-members. Several studies have attempted to relate the statistical distribution to geodynamical system (Allègre and Lewin, 1995; Kellogg et al., 2002; Meibom and Anderson, 2003; Rudge et al., 2005) . Allègre and Lewin (1995) presented a forward model that describes the statistical distributions of a specific isotopic ratio resulting from elementary processes of differentiation and homogenization. Meibom and Anderson (2003) and Rudge et al. (2005) focus on a single statistical mantle source for MORB, which can be described by skewed or log-normal distributions Rudge et al., 2005) , resulting from continuous differentiation-homogenization cycles, while Kellogg et al. (2002) analyze the variability resulting from multiple reservoirs with fluxes between them. These studies have clarified the basic relationship between the statistical distributions (e.g., normal, log-normal, multimodal, fractal or multi-fractal) and the differentiation-recycling system. This study also concerns the relationship between the mantle isotopic variability and the differentiation-recycling system, but focuses more on the actual data to clarify the primary mechanisms statistically. This study attempts to discriminate the overlapping differentiation processes based on the statistical distribution of Sr-Nd-Pb isotopic ratios of the basalts from almost all types of tectonic setting (Fig. 1) ; mid ocean ridge basalts (MORB), ocean island basalts (OIB), arc basalts in subduction zones (AB), and continental basalts (CB). For this purpose, a relatively new method of multivariate analysis is used, which has been applied to decode the mantle isotopic variability first by Iwamori and Albarède (2008) . We focus on Sr, Nd and Pb isotopic ratios, for which approximately 7000 data are now available. These isotopic ratios are sensitive to melting and melt extraction, as well as core-mantle interactions (e.g., Wood and Halliday, 2010) and fluid processes with dehydration-hydration reactions (Kellogg et al., 2007; Iwamori and Albarède, 2008) , which are the major differentiation mechanisms within the Earth. Other isotopic ratios such as those of He, Hf, W, and Os are not included in this study, as the number of data that have been measured on the same sample is limited at present, although they are more sensitive to specific processes, e.g., noble gas including 3 He/ 4 He for degassing of the Earth (Ozima and Podosek, 2002) (Brandon and Walker, 2005; Hawkesworth and Scherstén, 2007) .
Combining the basalt data from almost all tectonic settings, including oceanic, arc and continental basalts, and using a multivariate analysis to separate multiple sources or overlapping processes that create the mantle isotopic heterogeneity, we describe the overall data structure, including the mantle geochemical end-members, in both spatial and compositional domains. We then argue how the data structure is related to the dynamical system of continuous recycling-differentiation system, in which global geochemical provenances appear primarily as east-west hemispheres. In addition, we have also found a very similar hemispherical pattern for the seismic velocity of the inner core, suggesting that the mantle and the core dynamics are coupled. Based on these structures, we discuss the origin of mantle isotopic heterogeneity and its implications for mantle dynamics.
Global isotopic heterogeneity

Data distribution in spatial and compositional domains
By examining compositions of mid-ocean ridge basalts (MORB) and ocean island basalts (OIB) as a 'message from the mantle' (Hofmann, 1997) , isotopic composition of the mantle has been surveyed over the globe to have discovered a large-scale geochemical domain termed 'Dupal anomaly' in the Southern Hemisphere (Dupré and Allègre, 1983; Hart, 1984) . Although the number of isotopic data used to map such domains has increased by two orders of magnitude since then, for example from 72 (Zindler et al., 1982) to 4288 in the last 30 years, the geographical distribution of mid-ocean ridges and ocean islands itself limits the spatial coverage (Fig. 1) , and is insufficient for geochemically resolving even large-scale mantle structures comparable to those detected by the geophysical observations (e.g., geoid (Hager, 1984) , seismic tomography (Dziewonski, 1984; Romanowicz, 2003; Takeuchi, 2007) , and electrical conductivity tomography (Kelbert et al., 2009) ), which contain significant long-wave length components represented by degree-1 and 2 features (Ritsema et al., 2011) . In order to improve the resolution, Iwamori and Nakamura (2012) have incorporated arc basalts (AB) along the subduction zones ( Fig. 1) into the mapping analyses in both geographical and compositional domains, in which the east-west geochemical hemispheres have been broadly found; the mantle of the eastern hemisphere is relatively enriched in an anciently subducted fluid-component, compared to the western hemisphere, which has been attributed to a long-term focused subduction towards the supercontinents, Pangea, Gondwana and Rodinia (Iwamori and Nakamura, 2012) .
In addition to these previous studies, we newly include continental basalts (CB) and a few basalts from intra-plate settings other than OIB, to investigate the mantle isotopic variability. As a result a total 6854 basalt data (SiO 2 ≤ 53 wt.%; 2773 MORB, 1515 OIB, 1049 AB, 1517 CB from GEOROC and PetDB databases and Iwamori and Nakamura (2012) analyzed and discussed in this study. We select mostly Quaternary basalts and incorporate them into the data set with no age correction for the isotopic ratios, although a few older basalts are included to achieve a good spatial coverage (e.g., northwest Africa (Hogger Area, Late Miocene to recent, Allègre et al., 1981; Dupuy et al., 1993) , south Australia (Tasmania, 29 to 16 Ma, Nasir et al., 2010) , Philippine Sea (up to 50 Ma, Hall et al., 1995; Hickey-Varagas, 1998) ). This data set includes the continental area for the first time (Fig. 1) , and provides better spatial coverage and resolution than ever. In addition, the data set may provide key information concerning the sub-continental mantle to test the above "hemispherical model" involving the crucial role of supercontinents. First we look into the geographical distribution of the data (Table 1) , examining differences between the eastern hemisphere (− 20°E to 160°E) and the western hemisphere (160°E to 340°E (=− 20°E)), as has been proposed in the previous work (Iwamori and Nakamura, 2012) . Table 1 shows that the east:west proportions of the data numbers for MORB and OIB (45:55, 46:54, respectively) broadly coincide with that of the sea area (43:57). The coincidence indicates that the oceanic basalts are distributed proportionally to the sea area, in spite of possible sampling bias (e.g., more samples from localities with easier access). The east:west proportion of the AB data numbers Fig. 1 . Index map showing the data distribution. Mid-ocean ridge basalts (MORB, red), ocean island basalts (OIB, green), arc basalts (AB, blue), and continental basalts (CB, orange). Solid lines indicate the tectonic plate boundaries (Bird, 2003) . Locality names referred to in the main text are shown. The central longitude of this map is 160°E.
(41:59) is also roughly related to that of the sea area with slightly denser distribution of AB in the western hemisphere (Table 1) . Most of the subduction zones are distributed around the oceans (e.g., the circum-Pacific regions), and more volcanic arcs associated with a smaller sea or basin (e.g., Lesser Antilles, Scotia, New Hebrides) are included in the western hemisphere ( Fig. 1) , which may explain the above relationship for AB.
On the other hand, the east:west proportion of CB (87:13) is distinct from MORB, OIB and AB. This is partly due to the greater land area in the eastern hemisphere (east:west proportion of the land area = 67:33, Table 1 ). However, even when a correction for the land area is made, the distribution density of CB in the eastern hemisphere is three times higher or more than that in the western hemisphere. In particular, CB are seen in the eastern to central Eurasia, Europe and Africa (Fig. 1) . It is also noted that an opposite relationship is observed in the Antarctic Continent: i.e., young volcanism is concentrated in the western half of the continent (Fig. 1) . Fig. 2 shows the histograms in terms of the five isotopic ratios, and the relevant statistics (i.e., arithmetic mean, standard deviation and skewness) are listed in Table 2 . Representative compositions of the mantle end-members that are referred to in this study are also listed in (Zindler and Hart, 1986; Hart et al., 1992; Hanan and Graham, 1996; Workman and Hart, 2005; see Hofmann, 2003, for review) .
The mean isotopic ratios of all the compiled data (total mean) are more depleted (a long-term depletion of incompatible elements) than BSE, except for 206 Pb/ 204 Pb recognized as "Pb-paradox" (e.g., Hofmann, 2003) , and roughly between an A-DMM and E-DMM (Table 2) . Around this total mean, the overall data (black outlines in Fig. 2) show a significant and characteristic variation, partly expressed by standard deviation and skewness ( Nd are strongly skewed positively and negatively, respectively, and the three Pb-isotopic ratios are skewed positively to a lesser degree. These skewed variations are also the case with each basalt type, except for a weak negative skewness for the three Pb-isotopic ratios of CB ( Table 2) .
The standard deviations become in general greater in the order of AB, MORB, OIB and CB (Table 2) , and in any case, are large enough to cause overlap among the basalt types. At the same time, the mean values are systematically different: those of MORB and OIB are plotted on opposite sides of the total mean in terms of all the five isotopic ratios. For example, the mean Sr isotopic ratios are 0.70292 (MORB), 0.70333 (total), and 0.70372 (OIB), whereas AB plot close to the total mean values and broadly between MORB and OIB, except for the higher 87 Nd (Fig. 2) . The broad discrimination of the four basalt types (MORB, OIB, AB and CB) is also seen in the binary correlation diagrams (Fig. 3) (Fig. 3f) . This is because the data set has a planar structure within the five-dimensional isotope space as is demonstrated by Principal Component Analysis (PCA): the major plane, which is spanned by two principal components (PCs), accounts for 95.0% of the sample variance, while the third PC accounts for 4.0%. The important and robust feature of the data structure is, therefore, that most of the MORB, OIB, AB and CB data lie on the same plane.
For (Fig. 3e) are roughly parallel to the major plane and resolve well the structure, whereas the Sr-Nd isotopic plot (Fig. 3f) is roughly perpendicular to it, and clarifies the relationship between the major plane (exhibiting a linear 'mantle array' in Fig. 3f ) and the data that extends towards an extremely high Sr isotopic ratio (N0.71). The planar structure is also confirmed in the threedimensional plot consisting of Sr-Nd-Pb isotopic ratios ( Fig. 4) : depending on the view angle, the data exhibit significantly different distribution, and it is clear that most of the data are distributed along the major plane that is spanned by only two base vectors mutually independent (IC1 and IC2 in Fig. 4 ), as will be shown later. Some of the CB data and a few OIB data from the Pacific (Samoa Islands, Jackson et al., 2007) Sr ratio (N 0.71, Fig. 4 ). To a lesser extent, but an appreciable number of the AB data are off the major plane (the upper diagram of Fig. 4 ), which are also visible in Fig. 3c Fig. 3 ) are also shown after Iwamori and Nakamura (2012) . The trace element and isotopic compositions of 'SM' have been evaluated based on those of altered basaltic oceanic crust (AOC) and local sediment columns obtained from 27 subduction zones, including those along the circumPacific belt, that provide global coverage in terms of both spatial location and compositional variations Plank and Langmuir, 1998) Pb from 17.934 to 19.318, and the trace element abundances more than one order of magnitude (Sr from 38 to 1227 ppm, Nd from 10 to 189 ppm, Pb from 0.44 to 113 ppm). These AOC and sediments are subducted with down-going slabs in the respective subduction zones, and undergo dehydration and/or melting processes depending on the P-T condition along the slabs (Tatsumi and Eggins, 1995) . Then the produced fluids, and in some cases, the solid AOC and sediments detached from the slab (hereafter, these fluids and detached solid will be referred to as slab-derived materials 'SM') interact with mantle wedge to produce arc magmas (e.g., Iwamori, 1998; Gerya and Yuen, 2003; Arcay et al., 2005; Cagnioncle et al., 2007) , fingerprinting the geochemical signatures of SM to AB (arc basalts).
In order to discuss the compositional influence of SM on AB associated with the present-day subduction processes, trace element compositions of slab-derived fluids are calculated considering elemental mobility for dehydration of the AOC and sediments Iwamori, 2009, 2013) , and then the AOC-fluid and sediment-fluid are mixed with proportions ranging from zero to unity to obtain the fluid compositions. Similarly, mixing of raw solid materials (i.e., AOC and sediments) has been evaluated as a possible candidate of slab-derived materials that can affect the composition of AB. These mixing curves overlap, and are shown as broad grayish bands labeled 'SM' in Fig. 3 .
The high 87 Sr/ 86 Sr portion of SM is attributed to the sediments, including terrigenous materials (dark gray circles in Fig. 3 ). As a Table 1 Numbers of data with the five isotopic ratios in the eastern hemisphere (−20°E to 160°E) and the western hemisphere (160°E to 340°E (=−20°E)) for MORB (mid-ocean ridge basalts), OIB (ocean island basalts), AB (arc basalts) and CB (continental and intra-plate basalts other than OIB), respectively. "Land area" and "sea area" are estimated by counting the respective areas from the world map, using the GMT program (Wessel et al., 2013) Pb for all the compiled data (black outline), mid-ocean ridge basalts (MORB, red), arc basalts (AB, blue), ocean island basalts (OIB, green) and continental basalts (CB, orange). The black vertical lines represent the total mean, whereas the mean value for each basalt type is represented by a colored vertical bar.
consequence, the compositional range of SM involves EM2 that may represent a continental crustal composition with a high 87 Sr/
86
Sr ratio ( Fig. 3c and f) , towards which some of the CB data and the Samoan OIB data form arrays. On the other hand, although the average AB composition is shifted towards a high 87 Sr/ 86 Sr ratio compared to the total average or MORB (Fig. 2) , a sharp trend towards an extreme SM composition is not observed for AB, which is partly represented by a relatively small skewness of AB in terms of 87 Sr/ 86 Sr. In geographical distribution of the isotopic ratios (Fig. 5) Nd. In order to clarify these isotopic variations in both compositional and spatial domains, several previous studies have proposed empirical parameters, such as ΔSr (corresponding to the long-term mantle Rb/Sr ratio), Δ7/4 (for the U/Pb ratio), and Δ8/4 (Hart, 1984) and R c (Meyzen et al., 2007) (for the Th/U ratio). These parameters measure a compositional distance to a reference value, which is conveniently chosen as the mantle of the Northern Hemisphere (Hart, 1984) , or as the 'C' component (Meyzen et al., 2007) . These empirical parameters are useful to capture the isotopic variability, and Hart (1984) used them to define the Dupal anomaly.
On the other hand, Principal Component Analysis (PCA), a type of multivariate analysis, has been applied to extract objectively the parameters (i.e., principal components, PCs), and has been regarded as the most efficient way to identify the mantle isotopic end-members (e.g., Zindler et al., 1982; Allègre et al., 1987; Agranier et al., 2005; Blichert-Toft et al., 2005) . However, the PCs of non-Gaussian data are not independent (Hyvärinen et al., 2001) , and this is the case with the isotope compositions of MORB, OIB, AB and CB (Figs. 2 and 3, and Table 2 ). In this case, the PCs do not form a set of independent vectors describing uniquely the isotopic variability. In the next section, instead, we will show how appropriate independent parameters can be obtained, based on the statistical method used in the previous studies (Iwamori and Albarède, 2008; Iwamori et al., 2010) .
Method: Independent Component Analysis (ICA)
We use Independent Component Analysis (ICA), a relatively new type of multivariate analysis that has been developed in the fields related to Information Science (Hyvärinen et al., 2001) . Fig. 6 schematically illustrates what ICA does using an example of 'blind source separation' or 'cocktail-party problem'. Let us consider sounds from several instruments with independent waveforms, recorded simultaneously on multiple microphones distributed at arbitrary positions. Each microphone records a mixed sound from the instruments with a specific mixing proportion. From these records x, waveforms of the sound sources s and the mixing proportions A can be obtained based solely on non-Gaussianity inherited in the records x, without any a priori information on s or A. This is what ICA does to deduce the independent components (ICs), in this case waveforms of the sound sources hidden in the data. Broad applications are possible based on this principle and the method of ICA, irrespective of a wide range of data formats including time-series and image data, such as general signal separation, noise reduction, pattern recognition, and extraction of a learning rule (Hyvärinen et al., 2001) .
Let us suppose that materials with independent geochemical signatures are mixed to produce materials that we sample. We obtain geochemical data from the samples such as isotopic ratios, instead of the sound records on microphones as in Fig. 6 . The data are first whitened (i.e., centered and scaled by the standard deviations along the principal components (PCs)). As an example in Fig. 7 for a non- Table 2 Statistical properties of MORB (mid-ocean ridge basalts), OIB (ocean island basalts), AB (arc basalts) and CB (continental and intra-plate basalts other than OIB). Arithmetic mean, minimum, maximum, standard deviation and skewness are listed for 'total' (all the compiled 6854 data), MORB (2773), OIB (1515), AB (1049) and CB (1517). For comparison, the mean data for mantle geochemical end-members are listed Gaussian joint distribution of two independent variables s 1 and s 2 , the original space corresponds to Fig. 7b which is whitened (=process ①) to obtain Fig. 7a . In this whitened space, any orthogonal pair of two variables is uncorrelated but not necessarily independent (see the caption of Fig. 7 ). ICA searches for the independent pairs from these orthogonal pairs by maximizing non-Gaussianity, instead of maximizing variance as for PCA, by rotating the axes (process ② in Fig. 7 ). In the example of Fig. 7a , x′ 1 and x′ 2 are rotated around the center to find the ICs (i.e., s 1 and s 2 ) that give maximum non-Gaussianity (i.e., in Fig. 7c , the red line corresponding to the ICs deviates the most from the black line that represents the Gaussian distribution, whereas the green line corresponding to x′ 1 and x′ 2 is much closer to the black line). In the Fig. 3 . Isotopic compositions of the basalts (mid-ocean ridge basalts (MORB, red), ocean island basalts (OIB, green), arc basalts (AB, blue), and continental basalts (CB, orange)) are plotted with the isotopic ratios for selected combination of whitened space, the ICs have the maximum non-Gaussianity of all the possible sets of uncorrelated components. This is because, according to the central limit theorem, random mixing of non-Gaussian variables approaches a Gaussian more closely than the original variables. In turn, a linear combination of the observed mixture variables will be maximally non-Gaussian if it equals one of the ICs (Hyvärinen et al., 2001, Chapter 8) . Then the ICs (s 1 and s 2 ) can be back-tracked to the original space by process ③ to obtain s′ 1 and s′ 2 in Fig. 7b . The algorithm used in this study is known as FastICA (Hyvärinen, 1999) . The actual procedures for FastICA of the five isotopic ratios of 6854 data (MORB, OIB, AB and CB) are outlined below.
[1] The data matrix x of (6854, 5) Iwamori and Albarède (2008) and Iwamori et al. (2010) .
[2] Sphering (whitening) data matrix x using r-eigenvalues (S r : diagonal matrix that contains square root of the eigenvalues) and the eigenvectors (V r ) to obtain the sphered data matrix (U r ):
where r is commonly set to a minimum value that can account for the sufficient sample variance. In this study, we set r = 3, which accounts for 99% of the sample variance.
[3] Searching a vector w i (which is the independent component) to maximize non-Gaussianity J G :
where E represents expectation, and ν returns a standardized Gaussian distribution.
[4] Finding another w i + 1 in the space orthogonal to w 1,2,…,i , until the number of independent components reaches r.
There are several caveats for ICA (Hyvärinen et al., 2001; Iwamori et al., 2010) . First, each IC must have non-Gaussian distributions to be detected. If the IC has Gaussian distributions (i.e., non-Gaussianity is zero), ICA fails to identify the IC. The basalt data of this study involve non-Gaussian distributions (as is partly seen in Figs. 2 and 3, and Table 2), and ICA is able to find the ICs as will be shown later. Second, how many ICs to be detected must be determined carefully by the users. In this study we first whiten the data using PCA as above, and based on the eigenvalues, components which account for a small proportion of the variance are assumed to be unimportant signals including noise. This process is called 'dimension reduction' and determines the number of ICs, which in many cases stabilizes ICA by reducing noise (Hyvärinen et al., 2001) . At the same time, important information may be lost if over-reduction is performed. In this study, the five dimensional data are reduced to three dimensions, which still accounts for 99.0% of the sample variance. In addition, ICA in this study performs linear transformation of the original variables, and therefore little information is lost in terms of the statistical distribution of the data as well as their geometrical relationships to the mantle endmembers such as DMM, EM1, EM2, FOZO/C and HIMU. It is noted that, although ICA is applicable also to non-linear problems, the correlations among the isotopic ratios in this study are sufficiently linear (e.g., the major plane in Fig. 4) , and linear ICA provides a good representation for the actual data.
There are various elemental processes that may potentially contribute to creating mantle isotopic heterogeneity, and the number of ICs could exceed five (i.e., the number of original variables). In this case, if each process causes an independent and significant fractionation, the basalt data cannot be reduced less than five dimensions, certainly not down to three. On the other hand, the three ICs do not necessarily indicate three elemental processes. Each component may involve multiple fractionation processes that are coupled to cause an apparent single fractionation effect. In this case, using an example of Fig. 6 for 'blind source separation', ICA may capture main sections of the whole orchestra (enclosed by a circle or an ellipsoid in the bottom illustration of Fig. 6 ), rather than the individual instruments. In any case, the three dimensional structure spanned by the three ICs likely represents some important independent features hidden in the actual basalt data, which is described below.
Results: geochemical characteristics of ICs
Applying ICA to the whole data set with MORB, OIB, AB and CB, the three independent components (ICs) have been determined as in Fig. 8 , which account for 99.0% of the sample variance. In particular, the two ICs (IC1 and IC2) account for 95.0% of the variance, and explain the major structure of the compositional space. This is visualized in Fig. 4 Pb of the basalts. In each location, the variability is shown by the size of the color-coded symbols (smaller for the higher values). The central longitude of this map is 160°E. Fig. 6 . Relationship between the records (data), mixing processes and independent sources in 'blind source separation'. Fig. 4) , this array appears as a large plane that concentrates most of the basalt data, which is spanned by IC1 and IC2.
The projection with the IC coordinate axes clarifies how IC1 and IC2 span the major plane that accounts for most of the sample variance (Fig. 8e) , resembling an ideal distribution shown in the example of Fig. 7a , and that IC3 accounts for the data off the plane (Fig. 8f) . Three important features appear in the IC space of Fig. 8e and f, together with the histograms (Fig. 9 ), statistical properties (Table 3 ) and geographical distributions (Figs. 10 and 11) of ICs as below.
• Feature-1: IC1 broadly discriminates OIB from MORB: 95% of OIB, except for Hawaii and Iceland, plot on the positive IC1 field, and 83% of MORB plot on the negative side except for those from the plume-influenced ridges such as Iceland, Azores, Galapagos and Red Sea (Figs. 8e, 9 and 10). AB plot close to zero, roughly between OIB and MORB (Figs. 8 and 9). CB show the widest IC1 variation (the largest σ in Table 3 ), with a positive mean similar to OIB.
• Feature-2: IC2 roughly separates the basalts into the eastern and western hemispheres irrespective of IC1 values or the type of basalts, MORB, OIB, AB and CB (Figs. 9 and 11a): 81.2% of the basalts from the western hemisphere plot in the negative IC2 field, whereas 66.4% from the remaining eastern hemisphere (20°W to 160°E) plot in the positive field (Figs. 9 and 11a ). The area with positive IC2 is slightly smaller than that with negative IC2, and 77.7% of the basalt from 10°E to 160°E have positive IC2. • Feature-3: IC3 accounts for a relatively small sample variance (4.0%), and exhibits a large skewness (Table 3) , expanding asymmetrically towards a large IC3 value (Fig. 4) . Some portion of the data plot off the IC1-IC2 major plane towards high IC3 (Fig. 8f) . High values exceeding 3 are mostly limited to AB and CB, and only three places for the oceanic basalts: the southern Central Pacific (Samoa and Society) and two triple junctions along the Mid-Atlantic Ridge (ATJ1 and ATJ2 in Fig. 10b ).
In spite of more than 1500 data from the continental regions have been newly added to the existing oceanic and arc data set for oceanic basalts; Iwamori and Nakamura (2012) for oceanic and arc basalts), the two major ICs (IC1 and IC2) shown in Fig. 8a to d are almost identical to those in the previous studies (i.e., Fig. 2 of Iwamori et al., 2010; Fig. 1 of Iwamori and Nakamura, 2012) , sharing Feature-1 to Feature-2 above, with some minor differences. The differences are arisen from addition of CB in this study. These common and specific features are described below in detail, referring to the geochemical and statistical characteristics of ICs. Since the major features are essentially the same as in the previous studies, some of the descriptions are repeated here in this study for clarity.
IC1
As shown in Fig. 8 The marginal probability density, p, corresponding to the joint distribution shown in (a): p s1 (s 1 ) (probability density projected on s 1 , red line) and p x′1 (x′ 1 ) (that projected on x′ 1 , green line) are plotted, together with a Gaussian distribution (black line) for reference. The probability density is calculated during the search for maximum non-Gaussianity by rotating the axes in (b), which corresponds to ②. In (b), the PCs lie along the diagonal axes, x 1 and x 2 , which maximize the variance of the data distribution projected on each axis. Since the expectation E[
/2] = 0, x 1 and x 2 are uncorrelated. However, it is clear that x 1 and x 2 (hence the two PCs) are not independent: when x 1 departs from the mean value, we recognize that the modulus of x 2 becomes smaller, and therefore information on x 2 can be extracted from x 1 .
expressed by the following equation for continuous material recycling-differentiation system with mantle convection (Rudge et al., 2005) :
The slopes of IC1 suggest that it originates from elemental fractionation associated with simultaneous increases (or simultaneous decreases) in U/Pb, Th/Pb, Rb/Sr and Nd/Sm, which is consistent with that associated with melting (e.g., Beattie, 1993; Green, 1994; Salters and Longhi, 1999) . Furthermore, these slopes obtained in this study is very similar to what has been obtained from both local (Atlantic to Indian Oceans) and global data sets consisting of oceanic basalts only (Iwamori and Albarède, 2008; Iwamori et al., 2010) . The predicted standard deviation σ of the distribution, i.e., the length of width of the Nd, whereas (e) and (f) show the data in IC space (IC1-IC2, IC1-IC3, respectively). 'SM' represents the estimated compositional range of slab-derived materials (including subducting sediments represented by dark gray circles), which overlaps with the data (thereby invisible) in (a) for Pb isotopes. data distribution along the IC axis in Figs. 4 and 8 , is expressed by Rudge et al. (2005) as
where λ is the decay constant of the parent isotope,
is the ratio of the mean parent isotope concentration to mean reference isotope concentration in the system (as a single reservoir) at the present day, G p and G d represent mass fraction of an isotope in the liquid phase relative to that in the source (i.e., if G equals 0 then the isotope stays in the residue, whereas if G equals 1 then it entirely enters the liquid phase). The lower case subscripts p and d refer to the parent and daughter isotopes under consideration, F is the melt fraction, N is a large number parameterizing the averaging process associated with melting of heterogeneous mantle, and τ is the average time interval with which each rock packet experiences melting. The standard deviation of data along IC1 is reproduced well with τ = 0.8 to 2.4 Gyr when F = 0.005 (0.5%), N = 100 to 1000 and other parameters as in Table 2 of Rudge et al. (2005) are assumed. Kellogg et al. (2002) and Rudge et al. (2005) have found that the Nd and Sr isotopic ratios of oceanic basalts are reproduced with a low degree of melting (~0.5%) as in this study for IC1, much less than what is expected for generating N-MORB (e.g., McKenzie and Bickle, 1988; Iwamori et al., 1995) . Recycling of OIB and its residual mantle may contribute to the mantle isotopic heterogeneity (McKenzie et al., 2004) , since a small degree of melting for the OIB causes a greater differentiation between parent and daughter isotopes. Several studies suggest that arc basalts are produced by a small degree of melting (e.g., McKenzie and O'Nions, 1991) , which may also contribute to the observed IC1 variations (Iwamori and Albarède, 2008) . In any case, IC1 is related to variability concerning 'melt component' inherited in the mantle, although its origin is potentially variable as above. Fig. 9 . Frequency distribution of the three independent components, for all the compiled data (black outline), mid-ocean ridge basalts (MORB, red), arc basalts (AB, blue), ocean island basalts (OIB, green), and continental basalts (CB, orange), as well as for geographical discrimination (bottom diagrams). The black vertical lines represent the total mean, whereas the mean value for each basalt type is represented by a colored vertical bar. The plume-influenced ridge basalts in the upper row, and Hawaii and Iceland in the third row are shown by black solid bars.
The positive IC1 value indicates a mantle with a long-term enrichment in such a melt component, whereas the negative IC1 indicates a mantle with a long-term depletion in the component. Such variability due to melting is consistent with a positive skewness found in the IC1 frequency distribution (Fig. 9 Sr ratio of the source rock. This is analytically expressed by the following equation for skewness (γ 1 ) that results from a differentiation-recycling system (Rudge et al., 2005) : Table 3 ), indicating homogenization processes are comparably significant to the differentiation processes (Allègre and Lewin, 1995; Kellogg et al., 2002; Meibom and Anderson, 2003; Rudge et al., 2005) . The small skewness is consistently explained by the parameter values that reproduce the standard deviation as above (e.g., N = 100 to 1000). MORB show a relatively large skewness concerning IC1 (Table 3) . However if the plume-influenced ridges are omitted, the skewness is reduced and the mean shifts towards a more negative value enhancing the contrast to OIB that show a large positive mean (Fig. 9) . AB plot around IC1 = 0 with small skewness, while OIB exhibit a prominent bimodal distribution: the data from Hawaii and Iceland distinctly show negative IC1. In this sense Hawaii and Iceland are not classified as OIB, and we will discuss the implications later. Lastly, it is noted that geographical discrimination (hemispherical division) of IC1 is unclear (the bottom-left diagram of Figs. 9 and 10a), suggesting that 'melt component' is distributed rather evenly in the horizontal direction in the mantle.
IC2
IC2 has negative slopes in 204 Sr. These features indicate that IC2 originates from elemental fractionation with simultaneous increases (or simultaneous decreases) in Pb/U, Pb/Th, Rb/Sr and Nd/Sm. Such fractionation can occur associated with aqueous fluid-mineral reactions (Brenan et al., 1995; Keppler, 1996; Kogiso et al., 1997) . Considering that IC2 constitutes one of the major base vectors, it must correspond to a prevailing setting, and suggests aqueous fluid processes in subduction zones (Iwamori and Albarède, 2008; Iwamori et al., 2010) .
Based on the differentiation-recycling model by Rudge et al. (2005) with Eq. (1), IC2 has been explained quantitatively by differentiation associated with aqueous fluid-mineral reactions (i.e., hydration and dehydration): mantle with a long-term enrichment of aqueous fluid component shows positive IC2, whereas that with the long-term depletion shows negative IC2 . In this case, compared to IC1 for melting, a shorter residence time of 0.3 to 0.9 Gyr has been estimated from Eq. (2) assuming the same homogenization parameter N = 100 to 1000 as IC1. These parameters explain the IC2 skewness for MORB (1.04, Table 3), whereas the smaller IC2 skewnesses for other data (OIB, AB, CB, and the total data) may indicate more effective homogenization; e.g., N = 5000 to 10,000 fits the data. In arc settings, effective elemental transport by slab-derived fluid may geochemically overprint the pristine sub-arc mantle, which could reduce the IC2 skewness relative to the pristine mantle (i.e., a type of MORB-source mantle that bears a large IC2 skewness as in Table 3 ), Fig. 11 . Geographical distribution of (a) IC2, and (b) the relative seismic velocity of the inner core (after Waszek et al., 2011) . In (a), the symbols are the same as in Fig. 10 . In (b), the color coding represents differential travel time residuals, ranging from −1.3 s (dark blue) to +1.3 s (dark red). The central longitude of this map is 160°E. Locality names referred to in the main text are shown.
although it is at present unclear the reason for the difference between MORB and the others (i.e., OIB and CB). Fig. 9 shows that the mean IC2 values are close to zero for MORB, OIB and AB (− 0.07, −0.09, −0.12, respectively, Table 3), and positive for CB (0.30). The difference between CB and the others arises from the occurrence of CB that are heavily concentrated in the eastern hemisphere (Table 1 , see Section 2.1) which is characterized by positive IC2 (Figs. 9 and 11a ). If CB is omitted, the mean IC2 values for MORB, OIB and AB are almost zero (0.01, − 0.01, − 0.01), indicating uniform distribution of IC2 irrespective of the type of basalts, yet showing the clear geographical provenance at the same time. For example, the eastern margin of the Eurasia, including CB, AB and OIB around Japan, Korea, Eastern China and the Philippine Sea, consistently yields basalts with positive IC2, and MORB and OIB in the Indian Ocean also yields basalts with positive IC2 (Fig. 11a) . Antarctica yields CB exceptionally in the western hemisphere (and no CB in the eastern Antarctica, Fig. 11a) , and all of them show negative IC2, as with MORB in the neighboring southern Pacific.
Within the Pacific, some basalts with positive IC2, including Hawaii and several islands (Rarotonga and Pitcairn) in the southern Pacific (Fig. 11a) , are sporadically distributed between − 180°E to − 150°E (180°W to 150°W), which obscures the boundary between the high-IC2 (east) and low-IC2 (west) hemispheres in the Pacific regions. The southern part of this boundary is known as the Australian-Antarctic Discordance ("AAD" in Fig. 1, 130°E and − 50°N, Klein et al., 1988) , which is a sharp IC2 discontinuity (Fig. 11a ), yet with no systematic difference in IC1 (Fig. 10a) . On the other hand, the northern part of the boundary between Kamchatka and Aleutian exhibits diffuse characteristics, where IC2 gradually degreases from~160°E to 180°E, possibly due to mantle flow from the western hemisphere into the mantle wedge beneath the Kamchatka arc (Yogodzinski et al., 2001 ). The western boundary of the high IC2 hemispheric region is broadly located from Europe to Africa, where both the high and low IC2 points overlap in several localities (e.g., Central Europe and East African Rift, Fig. 11a ). As will be shown in the next Section 3.3, if we remove samples highly contaminated by continental components (e.g., continental crust and sub-continental lithosphere), some of the overlap disappear (e.g., East African Rift, Fig. S1 in Appendix). As a result, the western boundary of the high IC2 region becomes clearer, showing a complex geometry of the boundary and that the low IC2 region distributes itself in the west and south Africa, as if it intruded into the high IC2 region (Fig. S1 in Appendix). It is also noted that, by removing the samples contaminated by continental components, the CB samples with high IC2 around Idaho-Wyoming in the North America (i.e., broadly in the low-IC2 western hemisphere, Fig. 11a ) are filtered out to sharpen the hemispherical IC2 division (Fig. S1 in Appendix).
IC3
The third minor IC (IC3) is characterized by a steep slope in the Pb-Sr and Pb-Nd plots (Fig. 8b and c) and a gentle slope in the Sr-Nd plot (Fig. 8d) , both pointing roughly towards EM2 or along SM with high Sr isotopic ratios. This IC3 slope is slightly different from that obtained in the previous studies without the CB data (i.e., only the MORB + OIB data , or the MORB + OIB + AB data (Iwamori and Nakamura, 2012) ). Although, in both this study and the previous studies, IC3 measures a distance from the major plane spanned by IC1 and IC2, the exact slope of IC3 depends on the data set; e.g., a negative or nearly vertical slope appears in the Sr diagrams (Fig. 8a and b) in this study that includes MORB, OIB, AB and CB, while positive slopes appear in the previous studies that include only the data subset.
The difference is attributed to presence of the CB data, particularly with extremely high 87 Sr/ 86 Sr (N0.708) and IC3 (N4) compositions, forming trends along the IC3 axis towards EM2 and SM (Fig. 8b, d, f) . Those basalts in the continental regions of Eurasia, Europe and North America (Fig. 10b) have been studied in detail, suggesting the AFC processes with multiple crustal materials (e.g., Idaho, Putirka et al., 2009; Anatolia, Ersoy et al., 2012) , and/or involvement of subcontinental (phlogopite-bearing) lithospheric mantle (SCLM) that may have undergone metasomatism during an ancient subduction (e.g., Tibet, Turner et al., 1996; Cooper et al., 2002; Anatolia, Prelević et al., 2012) . These previous studies and arguments indicate that the compositional effects associated with the involvement of continental crust and/or SCLM can be effectively reduced by removing the high IC3 data (hereafter referred to as "IC3-filtering") to clarify the IC1-IC2 structure intrinsic to the asthenospheric mantle. Concerning the AB data, IC3-filtering is also effective for reducing the compositional effects of SM, which may obscure the pristine mantle before introduction of slab-derived materials (SM), as has been demonstrated by Iwamori and Nakamura (2012) . In the IC space, most of the arcs broadly exhibit individual linear trends (e.g., Fig. 3 of Iwamori and Nakamura, 2012 ) that can be explained by mixing of a low-IC3 DMM (as a pristine sub-arc mantle prior to addition of slab-derived materials, SM) with a high-IC3 SM, as is particularly seen in the arcs with subducting materials of high 87 Sr/ 86 Sr (e.g., Lesser Antilles, White et al., 1985, Fig. 10b) . Once the AB data with IC3 greater than zero is filtered out, the mean IC1 value of AB decreases from −0.19 (Table 3) to − 0.3 closer to that of MORB (− 0.57, Table 3 ) representing the DMM composition, which indicates that IC3-filtering is effective to clarify the intrinsic composition of the sub-arc mantle.
We have tested how IC3-filtering modifies the overall geographical distributions of IC1 and IC2 (Fig. S1 in Appendix). The number of data is decreased by IC3-filtering; e.g., the AB data from Lesser Antilles and Japan, the CB data from Idaho, Tibet and Europe, and a few OIB data from Samoa are omitted as a result of IC3-filtering. However, it is emphasized that the essential features of both IC1 and IC2 remain unchanged: IC1 clearly discriminates OIB from MORB, and IC2 shows the hemispherical structures irrespective of the type of basalts.
Another important feature concerning IC3 is that the data exhibit extreme enrichment towards a high IC3 value (~high Sr isotopic ratio) only on one side of the major plane, i.e., much less variability towards a low or negative IC3 side (Figs. 4, and 8d and f) . Although Fig. 9 omits the plot for IC3 N 4 for clarity, Table 3 shows the large positive skewness of IC3 distinct from IC1 and IC2. Similarly to the analysis for IC1 and IC2, substituting N = 100 to 1000 and F = 0.005 (appropriate for a system with mantle melting and extraction of crustal components, Rudge et al., 2005) into Eq. (2), the maximum γ 1 is given when G d = 0 to be 3 to 1. This indicates that the large skewness for IC3, especially those greater than 4 for the total data and the OIB data, is not easily reconciled by the differentiation-recycling model. These features of IC3 indicate that the mantle and the high 87 Sr/ 86 Sr EM2 or SM materials (likely the continental crustal materials) do not effectively mix with each other. Also considering the small sample variance that is accounted for by IC3 (4.0%), the continental crustal material is thought not to have recycled significantly into the mantle. This is consistent with the weak εNd-Nb/U correlation except for EM2 (Hofmann, 1997) and the U-Th budget with a high crustal (=a low mantle) contribution deduced from geoneutrino measurements (The KamLAND Collaboration, 2011 Pb affects AB, but it has not affected the oceanic basalts (MORB and OIB). The implications are that the continental crustal materials (such as sediments) are not effectively recycled into the mantle, and are mostly stripped off (mechanically and/or chemically) to circulate within the subduction zones. The geographical distribution of high IC3 values in the oceanic basalts, limited to Samoa, Society and two triple junctions along the Mid-Atlantic Ridge, is also consistent with little recycling of the continental crustal materials. Instead, it suggests a shallow lithospheric reservoir or contamination, e.g., a remnant of continental pieces when the continent breaks up at the triple junctions .
Discussions
Implications of ICs on geodynamics
One of the important results of this study is that most of the data for five isotopic ratios, including MORB, OIB, AB and CB from almost all tectonic settings, are statistically reduced to a 2-D compositional plane (Fig. 4) , indicating that only two base vectors are required to explain 95% of the isotopic variability of data. This planar structure also applies to the mantle geochemical end-members, including DMM (A-DMM, D-DMM and E-DMM), EM1, FOZO/C, and HIMU basalts (Figs. 4 and  8f) , except for EM2 with high IC3 as was discussed in the last section. On the IC1-IC2 compositional plane, these end-members, as well as the actual data, can be described uniquely by variable combinations of IC1 and IC2 (Fig. 8e and the lower diagram of Fig. 13 ): e.g., EM1 has positive IC1 and IC2, whereas HIMU represents a combination of positive IC1 and negative IC2, and D-DMM is characterized by negative IC1 smaller than A-DMM. It is noted that no mantle geochemical end-member has been defined in the quadrant with negative IC1 and negative IC2, although the actual data are present in the quadrant (Fig. 8e) . In this sense, the IC1-IC2 coordinates provide more systematic and complete description of the data than the conventional description assuming mixing of the end-members.
Although the conventional description does not exactly claim that the end-members directly indicate presence and mixing of physical reservoirs with a specific size and composition (Hofmann, 2003; Stracke et al., 2005) , it is more consistent that the mantle is differentiated and remixed continuously through time, since a variety of rock types with different chemistries are continuously subducted into the mantle and are thereafter subjected to variable degrees of dehydration-hydration in subduction zones, as well as subsequent mechanical stirring in the mantle. This heterogeneous mantle is then sampled by melting, which may act as a homogenization filter for the produced basalts, and at the same time, may cause elemental fractionation between the basalts and residues to induce radiogenic ingrowth with time for further differentiation. Therefore, the "end-member" compositions are likely determined by the balance between such continuous differentiation and homogenization processes (e.g., Kellogg et al., 2002; Meibom and Anderson, 2003; Rudge et al., 2005) .
In this regard, IC1 and IC2 may provide statistically clear descriptions: since the IC1 and IC2 are the independent components, the two base vectors must reflect respective independent processes during continuous differentiation and homogenization which overlap and form the observed joint distribution (Fig. 8e) . Based on the arguments in Sections 3.1 and 3.2, they are likely to be "melting process" and "hydration-dehydration process". Through continuous subduction of various rocks of diverse chemistries and recycling to the surface by magmatism at various sites (oceans, arcs and continents), the two processes may overlap to create the joint distribution of IC1-IC2 . How the IC1 and IC2 variations are created in the mantle convection system is discussed below, which may also provide explanations for the mantle end-members within the context of continuous recycling system.
In order to assess geodynamic implications of the ICs, the spatial distribution provides key information. Fig. 10a shows the geographical distribution of the IC1 values, which confirms the separation of OIB from MORB: most of OIB are color-coded in red or yellow, which indicates high IC1 values, whereas most of MORB are color-coded in blue to black and correspond to negative IC1 values. Spatial extents of the plume-influenced ridges are also clearly identified by the color gradation from a plume as a 'red' spot to the surrounding ambient ridge of blue colors. Such examples are seen in Azores at~− 30°E and~40°N, Red Sea (40°E, 15°N), and Galapagos (− 90°E, 0°N), and to a smaller extent at Ascension (−15°E, −10°N), Amsterdam (80°E, −40°N), and Iceland (−20°E, 65°N). The southernmost Atlantic ridge to southwest Indian ridge near the Bouvet triple junction is regionally enriched in IC1, which could be due to Bouvet and other hotspots around the area. Based on IC1, the spatial extent of these plume-influenced regions may be quantified accurately and would provide a constraint on the fluid dynamics of plume-ridge interaction. The observed correlations suggest that, in ambiguous settings, IC1 may be used as an indicator to identify plume vs. non-plume origin of basalts, provided that OIB represent plumes and MORB do not as is discussed below.
Since the 'melt component'-rich lithology (e.g., eclogite) is likely to be denser than the surrounding peridotitic portion in the mantle, it may accumulate near the base of the mantle convection system (Fig. 13) . At the same time, it contains more radiogenic elements (as U, Th and K are partitioned preferentially into melts) and produce heat to cause upwelling plumes to be the OIB source (e.g., Christensen and Hofmann, 1994; Nakagawa et al., 2009 ). Consequently, OIB exhibit positive IC1 signatures. On the other hand, a relatively shallow part of the mantle is depleted in such 'melt component', resulting in negative IC1 signatures for MORB. This model shown in Fig. 13 may explain Feature-1 listed earlier.
Within this context illustrated in Fig. 13 , CB are mostly of a plume origin; almost all the basalts in Africa and many of the Europe to Central Asia exhibit positive IC1. Some basalts in easternmost China show negative IC1 and positive IC2 values (Fig. 10a for IC1 and Fig. 11a for IC2), and are thought to be originated from the stagnant Pacific slab as hydrous plumes (Richard and Iwamori, 2010; Sakuyama et al., 2013) , not 'melt component'-rich ordinary plumes. In several continental rift settings, basalts with negative IC1 are seen (e.g., Baikal Rift Zone, Rasskazov et al., 2002; East African Rift, Clement et al., 2003) , suggesting melting of a shallow level 'melt component'-depleted mantle in the rift settings. It is also noted that these rift basalts with negative IC1 contain significant IC3 components (Fig. 10) , and are filtered out when IC3-filtering is applied (Appendix, Fig. S1 ).
A model with well-stirred 'marble cake' or 'plum pudding' mantle (i.e., mantle with compositional heterogeneity (such as veins, streaks, blobs) smaller than representative physical sizes of melting regions that feed basalts) may provide alternative explanation (e.g., Ito and Mahoney, 2005) . The embedded 'melt component'-rich materials have lower melting temperatures than the ambient 'melt component'-poor part, and can contribute more to the melt produced within a plume under thicker lithosphere that suppresses melting of the ambient mantle. By contrast, melting beneath thinner lithosphere or mid-ocean ridges allows extensive melting including the ambient part, resulting in 'melt component'-rich OIB and 'melt component'-poor MORB, without having macroscopically separated sources (Ito and Mahoney, 2005) .
Although most of OIB exhibit positive IC1 values, those from the two 'representative' plumes, Hawaii and Iceland, are the exceptions (Fig. 9) . The Iceland hotspot, which sits on the Mid-Atlantic Ridge, may entrain a significant component from a shallow ambient mantle, being compatible with the 'marble cake' mantle model as above. However, Hawaii is different: it sits on top of a thick old lithosphere, still exhibiting distinct negative IC1 values (i.e., poor in 'melt component'). At the same time, hyperbolic Pb-Hf isotopic relations among Hawaiian basalts indicate that a DMM-like upper mantle material is not involved (Blichert-Toft et al., 1999) . In addition, detailed compositional variations within the plume system (e.g., the Kea-vs. Loa-volcanic chains, the shield vs. postshield phases) do not support melting of 'uniformly heterogeneous plum pudding' mantle (Hofmann and Farnetani, 2013) . These evidences suggest a geochemically distinct source for the Hawaiian plume, rather than prevailing "marble cake" mantle of which melting is regulated according to the lithospheric thickness.
East-west geochemical hemispheres and supercontinents
Unlike IC1 that discriminates MORB of a shallower origin and OIB of a deeper origin, IC2 is not correlated with the type of basalts, as was described in Section 3.2. Instead IC2 shows clear geographical provenance of a hemispherical scale (Figs. 11a and 12b) , suggesting that large-scale vertical segmentation occurs in the mantle (Fig. 13) . Such a large-scale structure has not been clearly identified in the previous studies, partly due to lack of the statistical analysis of large data set as in this study, although some regional provenance such as Dupal anomaly has been suggested by several pioneering works based on original Table 2 for the isotopic compositions) are expressed by the combination of IC1 and IC2.
variables or empirical parameters with a limited number of data (e.g., Dupré and Allègre, 1982; Hart, 1984) . Fig. 12a shows a three dimensional data distribution of the current large data set in the Sr-NdPb isotopic space, where the hemispherical provenance is not clearly seen, which could lead to a conceptual image of well-mixed mantle (e.g., Zindler et al., 1982) , stirring various components of the "mantle zoo" (Stracke et al., 2005) .
On the other hand, the IC1-IC2 plot clearly shows the geographical discrimination between the eastern and western hemispheres (Fig. 12b) . Although it is of two-dimensional plane reduced from the five dimensional isotopic space, 95% of the sample variance is retained, unraveling the independent features of the whole data structure. It should also be noted that the relative compositional positions of the data, including the mantle end-members, are preserved in this plot, since the IC-space represents a linear transformation of the original data. Nevertheless, the difference between the two diagrams of Fig. 12 is significant, showing the necessity of statistical approach. In this case for Fig. 12b , the mantle consists of two unmixed or stationary separated parts as schematically illustrated in Fig. 13 , possibly indicating relatively calm convection. This view is complementary to what the detailed analyses of the mantle end-members bear on the differentiation processes based on their representative or extreme (in a sense "magnified") isotopic compositions as follows.
"FOZO" or "C" is thought to be one of the prevailing end-members in the mantle (Hart et al., 1992; Hanan and Graham, 1996) (Stracke et al., 2005) . In the IC1-IC2 space, positive IC1 and slightly negative IC2 are identified for FOZO/C (Fig. 8e) , corresponding to the 'melt component'-rich material that has experienced a moderate degree of dehydration such as subducting oceanic crustal materials, whereas the local trends towards FOZO/C (Hart et al., 1992; Hanan and Graham, 1996) are not identified in ICA, indicating that they do not represent independent components. Its prevailing nature as a common source of oceanic basalts can be explained by the significant volume of subducted and dehydrated oceanic crustal materials under common subduction (and dehydration) conditions (Iwamori and Albarède, 2008) . On the other hand, some of the subducted slabs may undergo extreme dehydration, e.g., due to a high temperature associated with subduction of a young plate (Iwamori, 2000) . In this case, the recycled oceanic crustal materials may have higher U/Pb (e.g., Kellogg et al., 2007) than the slabs with an average dehydration condition, potentially developing into HIMU. In the IC1-IC2 map (Figs. 8e and 13b ), HIMU and FOZO/C have nearly the same IC1 value with the lower IC2 for HIMU, suggesting that different dehydration degrees of the same subducted slab may create the difference. Such a clear relationship is not identified in the original variable space (e.g., Stracke et al., 2005) . Upon dehydration of the slab, hydration must occur as a counterpart. The linear relationship from HIMU and FOZO/C to EM1 with increasing IC2 (but without changing the IC1 values, Figs. 8e and 13b) indicates that EM1 may represent such a counterpart. The geographical association of HIMU-FOZO/C-EM1 in the Polynesian region (Mangaia, Tubuai, Rarotonga, to Pitcairn, Fig. 8e ; also see Hanyu et al., 2013 , for more detail) could represent such a dehydration-hydration package of an anciently subducted slab of~900 Ma, as a part of the slab graveyard beneath the Pacific (Maruyama et al., 2007) . Such old subduction is consistent with the very wide range in IC2 of the Polynesian OIB (from − 5 to +5, Figs. 8e and 11a) , as a result of sufficient elapsed time for radiogenic evolution of the "dehydrated-hydrated" package. In any case, the Polynesian OIB exhibit a typical "plume" composition, in that they have positive IC1 (Figs. 8e and 10a) , and the radiogenic self-heating may generate the buoyancy to cause the upwelling plume (Hofmann and White, 1982) as is schematically illustrated in Fig. 13a .
Within this IC1-IC2 context, Hawaii is clearly characterized by negative IC1 within the same range as MORB (Figs. 9 and 10a ), indicating that radiogenic self-heating may be insufficient for generating the buoyancy of plume. On the other hand, the Hawaiian basalts show relatively high IC2 values (Fig. 11a) , and could be a 'wet spot' that has been originally proposed for Azores (Schilling et al., 1980; Bonatti, 1990 ) whose IC2 value is also high (Fig. 12b) . In this case, the aqueous fluid component may bring several effects to generate plume from a depth: e.g., lowering the bulk density and viscosity to make the source region to be buoyant and mobile (Richard and Iwamori, 2010) . Although the Hawaiian hotspot is one of the largest and long-lasting hotspots that rooted into the lower mantle (e.g., Wolfe et al., 2009 Wolfe et al., , 2011 possibly receiving heat from the core for buoyancy, the aqueous fluid component may increase the ability for the plume to rise. Such effects also explain why CB are heavily concentrated in the eastern hemisphere, being aided by the physical effects associated with the fluid component (represented by positive IC2) which is mainly distributed in the eastern hemisphere.
Focused subduction towards the supercontinents has been proposed for the mechanism to create the mantle eastern hemisphere enriched in "anciently subducted" fluid components with positive IC2 (Iwamori and Nakamura, 2012) . Most of the water initially contained in the subducting slabs is in general released at depths shallower than 200 km, associated with breakdown of major hydrous minerals such as chlorite and serpentine (e.g., Schmidt and Poli, 1998) . However, even after the major dehydration reactions, several thousand ppm H 2 O is carried down deeper by hydrous boundary layer that consists of nominally anhydrous minerals, as well as fluids along the grain boundaries and in the inclusions, of 20 to 40 km thickness just above the subducting slab (Iwamori and Nakakuki, 2013) . This hydrous layer is brought down into the deep mantle (including the transition zone and the lower mantle), and may redistribute itself to create a global-scale fluid component-rich domain in several hundred million years, by both stirring and dehydration-rehydration reactions, as well as lower density and viscosity that enhance segregation of the hydrous layer from the subducted slab (Richard and Iwamori, 2010; Iwamori and Nakakuki, 2013) .
Through these mechanisms, the subducted oceanic crustal materials (as a source for varying IC1) and the hydrous layer (as a source for IC2) may behave in different manners: while the dense oceanic crustal materials may accumulate at the base of the mantle rather evenly for the East and West Hemispheres, lighter hydrous materials may distribute themselves only to the upper side of the inclined subducted slab, resulting in horizontally separated vertical domains beneath the supercontinent and the ocean (Fig. 13a) . It is noted that the former (i.e., rather even distribution of the dense materials) is suggested by overall distribution of "slab graveyards" of various ages (Maruyama et al., 2007 , based on seismic tomography and plate tectonic reconstruction) and 3D spherical simulations of the recycled oceanic crusts (Nakagawa et al., 2009) , including a large low-shear-velocity province (LLSVP, Grand, 2002; Lay and Garnero, 2004) for each of the East and West Hemispheres, i.e., beneath the southwest of Africa and the Pacific, respectively.
Combining the geographical distribution and the geochemical nature of IC2 that is related to an anciently subducted aqueous fluid component, we propose that a large-scale elevation of the IC2 value in the eastern half of the globe must reflect the past subduction focused in the hemisphere, likely beneath the supercontinent as shown in Fig. 13a . Between 350 and 200 Ma, the supercontinent Pangea consisted of all the present-day continents distributed over the Northern and Southern Hemispheres (Scotese, 1997 (Scotese, , 2004 , and was surrounded by subduction zones. This geometry could have allowed east-west geochemical hemispheres to develop in the mantle, one beneath the supercontinent and another beneath the Pansarathic ocean (Fig. 13a) . Focused subduction towards the supercontinent may result in a high-IC2 domain within a time scale of 0.3 Ga for radiogenic ingrowth to account for the time-evolved isotopic ratios.
Although the overall discrimination of the IC2-positive and IC2-negative domain is robust (Fig. 12b) , the detailed geometries are unclear or complicated in places along the boundaries (Fig. 11a , and also see the description in Section 3.2). As was discussed earlier in this Section 4.2, the Polynesian region of the southern Pacific yields basalts with extreme IC2 values (known as EM 1 (IC2~+ 5) around Society and HIMU (IC2~−5) around Mangaia), which have been likely derived from a subducted slab package of~0.9 Ga corresponding to the supercontinent Rodinia (Maruyama et al., 2007; Iwamori and Nakamura, 2012) . Because of these older domains, the high IC2-basalts are sporadically seen in the Pacific region, which obscures to some extent the eastern boundary of the positive IC2 hemisphere. On the other hand, the western boundary of the positive IC2 domain is relatively sharp, but somewhat complicated: a low-IC2 domain spreads east down to the western and southern part of Africa (Fig. 11a) . Accordingly, the total area of positive IC2 domain is less than half the Earth's surface, which likely reflects the overall area that has been covered by the supercontinent as is schematically illustrated in Fig. 13a .
On top of this mantle geochemical hemispheric structure, we have newly found a strikingly similar hemispheric pattern in the inner core seismic structure (Fig. 11b ). An east-west hemispherical structure in the inner core has been repeatedly confirmed in terms of the seismic wave velocity, anisotropy and attenuation, based on several different methods and data sets, including body-wave and normal-mode observations (Tanaka and Hamaguchi, 1997; Cao and Romanowicz, 2004; Deuss et al., 2010) . Although the depth extent of the hemispherical structure is not well resolved, it has been well documented that an isotropic eastern hemisphere with fast seismic velocities contrasts with a slower, anisotropic western hemisphere (Tanaka and Hamaguchi, 1997; Cao and Romanowicz, 2004; Deuss et al., 2010) , and these differences have been argued to be present to depths of at least 850 km (Oreshin and Vinnik, 2004) . The recent study on the PKIKP-PKiKP differential travel time data set with a high spatial resolution (Waszek et al., 2011) highlights the sharp transition from the eastern hemisphere showing a higher velocity to the western hemisphere showing a lower velocity with the differential travel time residuals of approximately 0.5 s for the inner core between 39 and 89 km depth from the inner core surface (Fig. 11b) . The sharp transition occurs at 10 to 40°E and 180 to 160°W, depending on the three different depth ranges (39-52, 52-67, 67-89 km) , which in any case indicates that the high velocity eastern hemisphere is narrower than the low velocity western hemisphere. In addition, the low velocity region in part spreads southeast down to the southern part of Africa (Fig. 11b) , which resembles the spatial distribution of the positive IC2 domain in the eastern hemisphere (Fig. 11a) .
Several mechanisms have been proposed as responsible for inducing the hemispherical seismic structure of the inner core. Of these, it has been suggested to result from thermochemical coupling of the inner core with the core-mantle boundary (CMB) region, in which more heat is extracted from the core in the eastern hemisphere, creating a localized increase in inner core growth rate that causes solidification texturing with a larger velocity (Aubert et al., 2008) , although several studies propose that the differences may be a consequence of melting in the eastern hemisphere and freezing in the west (Alboussiere et al., 2010; Monnereau et al., 2010) . Whatever the mechanism of producing hemispherical structure of the inner core is, the striking similarity as in Fig. 11 indicates that the mantle and the inner core structure could have been coupled within a global thermal or dynamical structure. Based on this coincidence, and by combining the geographical distribution and the geochemical nature of IC2 that is related to an anciently subducted aqueous fluid component, we propose a global dynamic model as in Fig. 13a : focused subduction towards the supercontinent has created a fluid-component rich mantle domain, and at the same time has cooled down the domain, including the CMB region, whereas the mantle in the other half of the globe beneath the rest of ocean area has been relatively warm. Accordingly the upper inner core has inherited its seismic heterogeneity through this mantle-induced lateral variations and thermochemical convective coupling via the outer core (Aubert et al., 2008) .
The supercontinent then started dispersing towards the present-day configuration, and the two main subduction zones have migrated apart, expanding the continental area. However, the planform area of the geochemical domain remains roughly constant, without moving with the dispersing continents, and therefore it has seemingly been anchored to the asthenosphere, suggesting that the continental dispersal has been driven by plate tectonics (Iwamori and Nakamura, 2012) , but not driven by the large-scale strong asthenospheric flow such as superplume that are often proposed as a mechanism responsible for breakup and dispersal of the supercontinent (e.g., Yanagisawa and Hamano, 2003; Zhong et al., 2007; Li et al., 2008) .
In any case, ICA in this study shows no evidence for incorporation of what could represent a primordial mantle component or an early hidden reservoir into the observed depleted domain, which is consistent with 142 Nd evidence (Boyet and Carlson, 2005 He in oceanic basalts (Hanan and Graham, 1996) also suggests that the incorporation of primordial components is largely decoupled from the major mantle processes identified by ICA. These compositional structures also indicate that the products of core-mantle chemical reaction is not entrained into the convecting system, which is consistent with W isotopic compositions of OIB (Takamasa et al., 2009) , and with views suggesting a stably stratified core-mantle boundary: e.g., the ultra-low velocity zone as a remnant of magma ocean at the base of the mantle (Labrosse et al., 2007) and a low seismic velocity layer (with possible concentration of light elements) at the top of the outer core (Helffrich and Kaneshima, 2010) . These evidences are consistent with the above scenario illustrated in Fig. 13a , in that the core does not supply appreciable amounts of materials and heat to affect the mantle geochemistry and dynamics, and instead, the core dynamics is largely controlled by the crust-mantle system, and therefore, top-down hemispherical dynamics could be operating in the Earth.
Conclusions
Differentiation-recycling of the mantle-crust system has been studied based on the isotopic variability of the basalts, with a large data set consisting of five isotopic ratios of Sr, Nd and Pb for 6854 data, including continental basalts (CB), as well as mid-ocean ridge basalts (MORB), ocean island basalts (OIB) and arc basalts (AB). The frequency distributions of 87 Sr/ 86 Sr and 143 Nd/ 144 Nd are strongly skewed positively and negatively, respectively, and Pb-isotopic ratios are also skewed positively to a lesser degree (i.e., non-Gaussian joint distribution in the five dimensional space), indicating that Independent Component Analysis (ICA) is applicable to the data set in order to capture the overall structure of data, including mantle geochemical end-members. Three independent components (ICs) have been identified, which are expressed as the slopes (gradients) in the five dimensional spaces of isotopic ratios. Of the three ICs, IC1 and IC2 account for 95% of the sample variance and span the major plane on which most of MORB, OIB, AB and CB are distributed. IC1 measures long-term simultaneous elevation in U/Pb, Th/Pb, Rb/Sr and Nd/Sm, which is consistent with elemental fractionation upon melting and explains the weak but positive skewness of IC1. IC1 clearly discriminates OIB (positive IC1) from MORB (negative IC1), indicating that OIB involves more 'melt component' inherited in the source region. IC2 has a slope indicating long-term simultaneous elevation in Pb/U, Pb/U, Rb/Sr and Nd/Sm, which is consistent with the dehydration-hydration reactions along subducting slabs. IC2 broadly identifies a hemispheric structure, i.e., 81.2% of the basalts from the Western Hemisphere exhibit negative IC2 values, whereas 66.4% from the remaining eastern hemisphere plot in the positive field. The area with positive IC2 is slightly smaller than that with negative IC2, and 77.7% of the basalt from 10°E to 160°E plot in the positive field. IC3 is unique among the ICs, in that it covers 4.0% of the sample variance and is significantly skewed towards a high Sr isotopic ratio. High IC3 values (N3) are seen only in locations where involvement of continental crustal materials and/or subcontinental lithospheric mantle components are reported. These features suggest that IC3 represents continental components that are mostly isolated from the mantle recycling system described by IC1 and IC2.
The 'melt component'-rich lithology is likely to accumulate near the base of the mantle convection system, and it could be the OIB source region which is destabilized by radiogenic heating involved in 'melt component'. On the other hand, a relatively shallow part of the mantle is depleted in such a component, resulting in the negative IC1 signature for MORB. Differentiation-recycling model suggests the residence time of 0.8 to 2.4 Ga. IC2 has been interpreted as variability with respect to long-term 'aqueous fluid component' inherited in the mantle, associated with subduction. IC1 and IC2 may overlap during mutual processing between ridges, plumes and subduction zones. The recycling time scale is not well constrained at present because of variable skewness of IC2 frequency distribution depending on the basalt types.
The east-west geochemical hemispheres concerning IC2 have been interpreted as focused subduction beneath supercontinents (Pangea and Rodinia), which seem to have been anchored to the asthenosphere during dispersal of the continents from a several hundred Ma to the present. We have found a striking geometrical similarity between the IC2 hemispheres and the inner core seismic structure, suggesting that top-down (from the supercontinents to the inner core) hemispherical dynamics could have operated within the Earth.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.gr.2014.09.003.
